The effect of local plastic deformation on the fatigue life in a holed specimen was investigated. The local plastic deformation was applied around the hole by inserting a pin into the hole, and the pin was removed before the testing. The material used was aluminum alloy 2024-T3. After removing the pin, there was a circular hole or elliptical hole in the center of the flat section of the specimen. Due to the application of local deformation, the fatigue life of holed specimens became longer. In particular, in specimens where the hole shape was made elliptical, the fatigue life was clearly improved. Hardness distribution around the hole was measured to understand the effect of the local plastic deformation on the fatigue life expansion. Consequently, it is concluded that the local plastic hardening and compression residual stress in the vicinity of the hole are the cause of the strengthening of the holed specimen.
Introduction
Many failure accidents have originated in a notched site of a machine element due to fatigue crack initiation (1) , (2) . In many cases, the notch, such as a hole, is machined into the machine element, and this machining causes a decrease in strength due to the stress concentration at the notched site. It is reported that the fatigue life is improved in aircraft, for example, by expanding the rivet hole (3) , (4) . Also, drilling a hole at the crack tip or in the vicinity of the crack tip is effective for arresting the crack growth and for reorientation of the crack progress route (5) - (9) . Moreover, inserting a pin into such a hole is even more effective to arrest crack growth (7) - (9) . In this research, the improvement of fatigue life in a holed specimen was investigated. For this purpose, an examination of how the local plastic deformation around the hole affected fatigue life was performed. It is known that retardation of crack growth has been observed when residual stress is applied in the vicinity of a crack tip (10) . Also, the fatigue life of a riveted plate can be extended when compressive residual stress is applied at edge of a rivet hole (3) .
In the present study, the local plastic deformation was applied around a hole by inserting a pin into the hole, and then the finite fatigue life of the holed specimen was investigated. After removing the pin from the hole, a fatigue test was performed. At that time, the hole shape was deformed into a circle or ellipse, depending on the shape of the pin. The relationship among the fatigue life, residual stress caused by local plastic deformation, and hole shape was investigated by basic experiment.
Material and Testing Procedure

2・1 Material and specimens
Material used was aluminum alloy 2024-T3. The chemical composition and mechanical properties of this are shown in Table 1 and Table 2 , respectively. Figure 1 shows the shape of a specimen in which a hole was drilled in the center. The width and thickness in the test section are 18mm and 3mm respectively, and the hole diameter is 5mm. Figure 2 shows the schematic representation of the hole shape before and after inserting the pin into the hole. The shape of the pin is shown in black. The process of inserting the pin into and removing it from the hole was carried out carefully by using a vise. After removing the pin from the hole, bending deformation or bulking were not observed in the specimen. As shown in Fig. 2 , the shapes of the pins in cross-section, which were made by mild steel, are a circle and a circle form which two opposite sides have been cut off. Both pins were made from round bars whose diameters were 2% and 4% larger than the hole diameter. When the two opposite sides of a bar were sliced off, the distances between the parallel edges were 2% or 4% shorter than the hole diameter.
Since the end of the pin was tapered and a lubricant was used, the insertion of the pin through the hole could be smoothly started. The specimen was clamped with two boards that had holes with diameters of 5.5 mm. The pin was set in the vise with a guide, then the center axis of pin, the hole in the specimen and the holes in the two boards were made to coincide. After setting these up, the pin was gradually inserted with a vise. Another pin with a diameter of 4 mm was used to push and remove the inserted pin from the hole. Where a circular hole was made, the thickness of the hole edge became wider than the initial thickness around the circumference after removing the pin. On the other hand, where the ellipse-like hole was made, the thickness of both sides of the hole edge shown in Fig. 2 was narrower than the initial thickness, and that of the top and bottom edges was wider than the initial thickness. After removing the pin, crack initiation was not observed. The specimen surface was not ground after removing the pin because the change of thickness in the vicinity of the hole edge was small. Table 1 Chemical composition (mass, %). Table 2 Mechanical properties (MPa, %). Table 3 shows the hole sizes for each specimen where the hole size in the specimen axial direction is represented by 2b and that perpendicular to the specimen axial direction is 2t. The diameter of the initial hole was not exactly 5 mm, depending on the drilling conditions. The pin size was determined according to the finished size of the initial hole. The sizes shown in Table 3 are values that depend on the sizes of the initial hole diameter and the inserted pin. In addition, in order to show the direction in which the material was cut when the specimen was made, the directions of a material are defined as shown in Fig. 3 . RD direction is defined as parallel to the rolling direction, and LT as direction perpendicular to the rolling direction.
Hereafter, a specimen with a circular hole is called a C-type specimen (or C-type), and that with an ellipse-like hole is called an E-type specimen (or E-type). Also, explanations of test results are shown with the labels 2% C-type, 4% C-type, 2% E-type and 4% E-type. The figures 2% and 4% mean the nominal percentage of increase in hole size when the pin was inserted. In particular, how residual stress and plastic hardening affect the finite fatigue life of an E-type specimen was investigated in the present study, because the hole edges, where cracks were expected to be initiated, were extended in the loaded direction.
2・2 Testing procedure
Push-pull tests were performed using an electric hydraulic fatigue testing machine under conditions where the frequency was 10Hz and the stress ratio, which is defined as the ratio of minimum cyclic stress to maximum cyclic stress, was -1.0. While tests were performed, crack initiation and growth were observed by a microscope. To examine the relationship between the fatigue life and plastic hardening, the distribution of Vickers hardness was measured at 0.98 N along the hole axis directions in cases where the specimen was in the RD direction.
Experimental Results and Discussion
3・1 Extension of the fatigue life of a holed specimen due to inserting and removing a pin
The fatigue lives of holed specimens were investigated in a finite life range. Figure 4 shows the relationships between the applied stress amplitude σ and number of cycles to failure N fo in cases of holed specimens without pins inserted. In this case, the fatigue life was affected by the direction in which the specimen was cut. Thus, the fatigue life of a holed specimen loaded in the rolling direction (RD direction) was longer than that of a hold specimen loaded perpendicular to the rolling direction (LT direction). Figure 5 shows the relationships between the applied stress amplitude σ and number of cycles to failure N f after inserting and removing the pin. The effect of the cutting direction on the specimen on the fatigue life was diminished, regardless of whether the loading direction was in the RD direction or the LT direction; and it turns out that the fatigue life was extended or improved by inserting the pin (For examples where σ = 100 MPa, the value of N fo of a specimen with a normal hole was 11.2x10 4 when the loading direction was in the RD direction, and it was 6.9x10 4 when the loading direction was in the LT direction. On the other hand, the values of N f where a 4%E-type pin was inserted into the hole were 8.5x10 5 in cases where the load was applied in the RD direction and 8.1x10 5 and 6.6x10 5 in cases where the load was applied in the LT direction．The values of N f in the RD and LT directions at σ =94.5MPa where a 2%E-type pin was inserted were almost the same. Some of the data for N f at σ = 100MPa showed almost the same value independent of the loading direction where a 4%E-type pin was inserted). Also, the size and shape of the pin affected the fatigue life of the specimen. In the case where the applied stress amplitude was 94.5 MPa in the 4% E-type specimen, the specimen did not break even when the stress was repeated 1.5x10 6 times; and then the testing was interrupted. This data is shown with an arrow. The same tendency is seen as in the previous report (3) that a fatigue life is extended by expansion of the diameter of a hole by plastic cold work. However, in the present study, attention is paid to the effects in cases of inserting ellipse-like pins. It is found that fatigue life extension in E-type specimens is more remarkable than that in C-type specimens. Also, the fatigue life extension ratio of holed specimens with pins inserted to that of normal-holed specimens without pins inserted was higher in cases of lower stress levels. Figure 6 shows the normalized fatigue life N f / N fo under the two stress levels conditions when the loading direction was parallel to the RD direction, where N f is the fatigue life of the holed specimen with a pin inserted and N fo that of a normal-holed specimen The fatigue life was longer where the ellipse-like pin was used and where the pin size was larger. As shown in Fig. 5 , the same tendency as seen in Fig. 6 was obtained in the case where the loading direction was in the LT direction. Consequently, the longest fatigue life was obtained with a 4% E-type specimen in the present experiment. However, in order to develop this research from a practical viewpoint, whether the present method can be applied to a cracked specimen or other material needs to be examined. Also, cases where a pin is kept in a hole are expected to extend the fatigue life of holed specimens.
3・2 Crack growth behavior and effects of hardness and residual stress around the hole on fatigue life
As written in the previous section, the fatigue life of a holed specimen can be extended by inserting a pin into and removing it from a hole. In this section, crack initiation and growth were examined, and local hardness around the hole was measured, to examine the effects of local plastic hardening and residual stress on fatigue life extension. Figure 7 shows the relationship between the crack length 2a and relative number of cycles N/N f , that is, the ratio of the number of repeated cycles at measurement of crack length to the number of cycles to failure. The crack length 2a includes the 5mm of hole diameter. These are examples of two stress level cases. Now, in the case of the 4% E-type specimen at stress level 94.5 MPa, the number of stress cycles when testing was interrupted, that is 1.5x10 6 , was used instead of N f , because the specimen did not break at that time. The horizontal dashed line indicates the original diameter of a hole. Crack initiation was detected after N/N f reached 0.4, and it was found that the crack initiation life did not have a small value in relation to the whole fatigue life. Except for the result of the 4% E-type which was not broken, there was not a big difference in the crack propagation curve which was represented by 2a vs. N/N f . Therefore, the extension of fatigue life by inserting a pin was related to the crack initiation behavior and crack growth behavior. Moreover, it is interesting that there is little difference in the tendency of crack growth curves of holed specimens in a finite fatigue life range. Figure 8 shows examples of observing the crack that initiated from the hole edge where a pin was not inserted and where a pin of 4% E-type was inserted. The crack growth direction was almost always vertical in the loading direction. In the vicinity of the hole edge the crack grew inclined direction in some specimens, and changes in crack growth direction were observed in a local small area. However the effects of that local crack growth behavior on the crack growth life were not important, and the mode I type of crack growth determined the fatigue life of the holed specimen. Figure 9 shows the distribution of Vickers hardness on the hole axis. The measurement was performed in the case where the loading direction was in the RD direction. The direction 'y' indicates the rolling direction and 'x' indicates the transverse direction, and the origin of the measurement is the hole edge in the both directions. The values for hardness are average values on the right-and left-hands sides of a hole or on the upper and lower sides of a hole, thus distances for x and y are indicated by absolute values.
The hardness value for a normal hole without a pin inserted hardly changed from the hole edge to the specimen side edge, and the average of HV was 39 in both directions for x and y directions. The hardness distribution changed depending on pin sizes and it was found that plastic hardness affected the fatigue life extension. Where pin size was 2% larger than the original hole diameter, maximum hardness at the hole edge was higher in the case of an E-type specimen than a C-type specimen. Also, in this condition, hardness distribution was different in the x-direction and in the y-direction. Thus, local hardening is expected to affect the fatigue life from these results. Where the pin size was 4% larger than the original hole diameter, the variation of hardness HV was from 200 to 250, and there was little difference in hardness distribution between the C-type and E-type specimens. Within a distance of 3mm from the hole edge, the hardness of the E-type showed a little higher value than that of the C-type; however, such little difference in hardness did not affect the fatigue life, and the difference in fatigue life of the 4% E-type and 4% C-type specimens was not explained by hardness distribution only. 
Distance from hole edge, mm Vicker`s hardness, HV (a) Cases of 2% C-type and 2% E-type. From comparison of fatigue life in Fig. 5 and hardness distribution in Fig. 9 , it is considered that the residual stress distribution should affect the fatigue life, besides changing the hardness. To examine this, the mechanism of residual stress creation was considered. When the circular pin was inserted, the expansion of hole diameter created stresses in a radial direction and a circular direction around the hole. On the other hand, in the case of an E-type specimen, since the pin was cut along two side edges and there were gaps between the pin and hole on two sides of the hole as shown in Fig. 2 , the circular direction stress was only produced at two sides of the hole. Due to the deformation in the circular direction, the hole edge was deformed by tension, and then, the compressive residual stress was distributed at the hole edge after removing the pin. Therefore, the difference of pin shapes created the difference of residual stress distribution. Thus, in the case of an E-type specimen, a higher compression residual stress value was created at the hole edge, because of the gap between the hole and pin. Matos et al. (3) described how crack growth was retarded and fatigue life was extended in a specimen with a rivet hole where the compressive residual stress was distributed around the hole by expanding the hole. It was suggested from their research that the improvement of fatigue life in the present study is related to plastic hardening and residual stress in the vicinity of the hole. Consequently, it is concluded from the above results that the extension of fatigue life in the holed specimen by inserting and removing a pin owed to the plastic hardening and distribution of compressive residual stress around the hole. In the present experimental stage, the residual stress distribution was not measured, because there is no measurement tool for that. In the near future, the creation mechanism of residual stress will be examined by numerical analysis of Finite Element Method. It is reported that the expanded rivet holes by cold working in an airplane body has been performed due to improvement of reliability and strengthening of riveted joint materials. In the present study, also, it is shown that the application of local plastic strain in the vicinity of a normal hole is effective to extend the fatigue life of a holed specimen. Investigation of techniques to improve fatigue strength in machine equipment is of value for the problem of ensuring the safety of apparatus. In the future, the application of the present study to cracked holed specimens and to specimens of other materials will be carried out.
Conclusion
In this study, the improvement of fatigue life of a holed specimen by inserting a pin into and removing it from a hole was investigated using aluminum alloy 2024-T3. After removing the pin, the hole shape was made into circular type (C-type) or an elliptical type (E-type) due to local plastic deformation. The main results obtained are as follows:
(1) By inserting a pin into and removing it from the hole, the fatigue life of a holed specimen was improved Also, the fatigue life of a specimen with an E-type hole became longer than that of a specimen with a C-type hole.
(2) Whether the pin was inserted or not, crack initiation in holed specimens was observed after the relative number of cycles N/N f was 0.4, where N was stress cycles at crack observation and N f was the number of cycles to failure. It was found that the extension of fatigue life of a holed specimen by inserting a pin was related to the both the fatigue crack initiation life and the growth life.
(3) From the result of measuring the hardness distribution, it was found that inserting the pin into the hole produces plastic hardening at the circumference of the hole, and the plastic hardening influenced the improvement of fatigue life.
(4) When the size of the pin was 4% larger than the hole diameter, the hardness distribution around the hole were not so different between the specimen with a C-type hole and that with an E-type hole. However, the fatigue lives of these specimens were different. This difference was dependent on the residual stress distribution. In the case of the specimen with an E-type hole, the compressive residual stress was expected to be distributed around the hole, and its fatigue life was longer than that of the specimen with a C-type hole.
